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Abstract 
An investigation to identify odorants responsible for a pleasant woody perfume-like aroma 
produced in the fermentation broth of the fungus Daldinia childiae (J.D. Rogers & Y.M. Ju) was 
conducted. Thirty odorants were identified from 30-day old fermentations employing solvent-
assisted flavor evaporation (SAFE) and aroma extract dilution analysis (AEDA). Eleven odorants 
with flavor dilution (FD) factors ≥ 16 were quantitated using stable isotope dilution assays (SIDA), 
and odor activity values (OAV) were determined. Odorants with the highest OAVs included guai-
11-en-10-ol (woody, OAV 102689), 1-octen-3-one (mushroom, OAV 9025), sotolon (maple, 
OAV 458), and (2E)-non-2-enal (fatty, OAV 70). An odor-simulation model formulated using 
odorants with OAV ≥ 1 closely matched the sensory attributes of natural D. childiae fermentations. 
Guai-11-en-10-ol, a component of patchouli essential oil used widely in perfumery and cosmetics, 
was identified as the key impact odorant driving the pleasant woody perfume-like aroma in D. 
childiae fermentations. The findings from this investigation lay the groundwork for future studies 
on D. childiae as a source for the sustainable biotechnological production of guai-11-en-10-ol with 
potential applications in the flavor and fragrance industry.  
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Daldinia childiae is a North American fungus that belongs to the order Xylariales and the 
family Xylariaceae. As a saprophyte, this fungus is often found on dead or decaying hardwood 
across North America and is identified by its round, coal-like fruiting body, lending to one of its 
common names being the “coal fungus”. When cut apart, D. childiae displays concentric rings that 
alternate from grey to black. In the fruiting body form, there is only a faint odor attributed to this 
fungus; however, when cultured in liquid media, a strong woody character emerges. There has 
been no research regarding the odor profile of the fungus and its driving odorants within a 
fermentation broth that likely could have many applications within the flavor and fragrance 
industry. 
The first objective of this study was to systematically identify the primary odorants found 
in the fermentation broth of D. childiae. Accomplishing this required using solvent assisted flavor 
evaporation (SAFE) coupled with aroma extract dilution analysis (AEDA). SAFE is a commonly 
used flavor analysis technique that utilizes high vacuum distillation that separates volatiles from 
non-volatiles and is performed at low temperatures to preserve the integrity of the extracted 
volatiles. AEDA was used to differentiate odorants in D. childiae fermentation broth based on FD 
factors. FD factors are determined to be where concentration odorants are no longer detectable by 
gas chromatography-olfactometry (GC-O) using a series of dilutions. This process established 
which volatiles are odor active as well as assigned relative importance in the aroma of the full 
broth sample to each odorant.  
The second objective was to identify the primary odorant responsible for the woody odor 
through fractionation methods. Solid Phase Extraction (SPE) was the primary means of identifying 
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separation conditions, as SPE separates volatiles within a SAFE isolate based upon affinity to a 
stationary phase. Utilizing the separation conditions found through SPE, normal phase 
chromatography was implemented to isolate and purify the unknown compound. This was done 
with an overly concentrated SAFE isolate to increase yield. The separated volatiles were then 
analyzed to identify the primary woody odorant.  
The third objective was to quantitate the odorants found with the highest FD factors by 
using stable isotope dilution assays (SIDAs) and calculate odor activity values (OAVs). Deuterium 
or carbon 13 isotopic analogs of each odorant were used for quantitation as internal standards 
during SIDAs. Each isotope was added in a known concentration to the sample before the 
extraction step of the isolation process. Analysis by gas chromatography-mass spectrometry (GC-
MS) determined the concentration of the analyte in the original sample by using the ratio of the 
analyte to the isotopic standard.  
The final objective was to create an odor simulation model using the quantitative data 
gathered and compare the model sensorially to the original fermentation broth. The odor 
descriptors deemed meaningful to sensory analysis were determined by free choice profiling. 
Quantitative olfactory profile analysis compared the intensities of key descriptors across the 
simulation model and the fermentation broth to verify quantitative results. 
This work provided the first identification of odorants present in D. childiae fermentation 
broth and the novel characterization of the key woody-smelling odorant, guai-11-en-10-ol. This 
study laid the groundwork for future studies on the aroma chemistry of fungal fermentation made 
it possible to produce large quantities of guai-11-en-10-ol for additional studies, including 
stereochemistry determination and other studies relevant to the flavor and fragrance industries. 
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Continued studies on the odorants present in D. childiae may lead to new and practical usages in 
the flavor and fragrance industry. 
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1. LITERATURE REVIEW 
1.1 Overview 
1.1.1 Commercial Flavor and Fragrance 
The flavor and fragrance industry is fast growing and has a wide range of applications in 
the food, cosmetic, and pharmaceutical industries.1 Many of the compounds with flavor and 
fragrance applications currently available on the market are produced via chemical synthesis or 
extraction from plant and animal sources.2, 3  However, biotechnological production of flavor and 
fragrance compounds via fungal fermentations are more prominent in recent years.4 Some reasons 
for this transition include chemical synthesis resulting in environmentally unfriendly processes as 
well as a negative consumer perception towards synthetic compounds, especially concerning foods 
and cosmetics.  
1.1.2 Woody Odorants from Plants 
 Traditionally, a large portion of natural woody odorants is derived from Asian plants, 
originating from countries like the Philippines or India.5 However, due to a loss of native plants 
and an increase in costs, measures have been taken to isolate new sources of these woody odorants 
as many natural sources exhibit a comparable woody characteristic.6 Less threatened species, such 
as cedars (Juniperus chinensis) and pines (Pinus palustris, Pinus taeda), produce oils containing 
woody-smelling odorants, including a large selection of sesquiterpenes, in a much more 
sustainable manner than through chemical synthesis.7 Similar sesquiterpenes can be found in plants 
such as Pogostemon cablin, or patchouli, a plant that is known for its unique aroma 
characteristics.8, 9 Patchouli is widely used in the flavor and fragrance industry for it woody base 
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notes, being incorporated herbal teas and other beverages as well as in many famous perfumes 
such as Arpege, Miss Dior and others.10  
1.1.3 Odorants from Fungi 
Like plants, fungi have also been observed to produce de novo odorants.11-15 For example, 
Ceratocystis sp. has been reported to produce a variety of terpenes, a class of odorants that often 
invoke a woody aroma.16 Similarly, Trichoderma viride and T. harzianum have been reported to 
produce terpineol, a monoterpene with a woody and pine-like character.17, 18 Several yeasts, 
including Alicyclobacillus, have also been described as producing guaiacol, a smoky odorant found 
in wood smoke.19 While fungi can produce odorants with applications in both natural flavor and 
fragrance industry, defined fungal fermentation can often produce compounds more efficiently 
than extraction from plant material, leading to increased production capacity.20 These factors, in 
combination, have led to further research studies aimed at the discovery of commercially relevant 
odorants from fungal sources as sustainable and efficient production systems for natural products.4, 
21 These combinations include flavor and fragrance ingredients or starting materials for other 
value-added chemicals. 
1.2 Daldinia childiae 
1.2.1 Taxa 
Daldinia childiae, commonly known as cramp balls, belongs to the order Xylariales and 
the family Xylariaceae.22 Most Daldinia sp., including D. childiae, produce reproductive 
structures directly on decaying hardwood, regularly found in North American hardwood forests.23 
The fungal fruitbodies are small, tough, and shaped like a ball with a crust-like brown-to-black 














Figure 3: Cross-sectional view of Daldinia childiae fruitbodies 
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zones with alternating white to dark gray bands.24 However, due to discrepancies in nomenclature, 
D. childiae has been used interchangeably with D. concentrica, leading some publications on D. 
childiae to be erroneously categorized under D. concentrica. 25-27 Daldinia concentrica is a 
European species and does not appear to be endemic to North America.22 Additionally, the crusty 
outer stroma of D. concentrica releases purple pigments when finely ground and soaked in 
potassium hydroxide, while the D. childiae stroma releases only brown pigments.  
1.2.2 Genetics 
 While most fungal identification is afforded by visual inspection, both macro and 
microscopic, taxonomic confirmation of species only comes through genetic identification. There 
have been hundreds of Daldinia samples collected and sorted into five major groups comprised of 
47 distinct species.25 All species have been traced using rDNA to being separate from the members 
of the larger Annulohypoxylon and Hypoxylon genera. However, several smaller genera, such as 
Entonaema, Rhopalostroma, and Thamnomyces, appear to have representatives of a similar 
origin.25 This could allude to the fact that they should be added to the Daldinia clade as they appear 
to have evolved from daldinioid ancestors. 
 Within the Daldinia genus itself, ITS nrDNA sequencing of several well-documented 
species was performed. This data was in turn compared with the known metabolite composition 
from the stromata of the specimen. The pairing of this data allowed for five new species to be 
described as well as emphasize the molecular and biomolecular differences between D. 
eschscholtzii and D. concentrica, showing distinct traits indicative of divergent evolution. 
 Along with the distinction of D. eschscholtzii and D. concentrica clades, distinctions 
between D. concentrica and D. childiae were also shown. The two species are visually similar  
 10 
 




and often misidentified as the other, as they produce similar metabolites. However, under the 
comparison of ITS nrDNA sequences, distinctions are shown. A cursory visual comparison shows 
little similarity with a blast comparison yielding confirmation of this fact. This leads to the 
separation of D. childiae into its own individual clade, distinct from D. eschscholtzii and D. 
concentrica. 
1.2.3 Historical Usage 
Although typically regarded as an inedible mushroom, historically it was believed that the 
fungus could ward off cramping, thus affording its common name, cramp balls.23 It was thought 
that if a ball of this fungus was carried in a pocket, it would prevent the holder’s legs from 
cramping. In England, D. concentrica is also called “King Alfred’s cakes” after a well-known 
story. The legend goes that the British king Alfred was running from his enemies and took shelter 
at a peasant woman’s home. While he was there, he was asked to watch her bread cook, but being 
too distracted by his problems, he let the cakes burn. As Daldinia does look like lumps of burnt 
bread or coal, it was given its common names from this story. The coal-like fungus also tends to 
act much like its lookalike, being regarded as a good fire-starting item, much like a charcoal 
briquette. 
1.2.4 Chemistry and Activity 
Studies investigating the biological activity of volatile and non-volatile compounds from 
the Daldinia genus have been reported in the literature. Although only a limited number of 
common uses for D. childiae have been previously reported, there have been documented uses of 
other members of the Daldinia genus, including their use as biological pest management controls 
and anti-fungal applications in recent years.28 In a study published in 2011, D. eschscholzii was 
found to produce non-volatile immunosuppressant polyketides.29 Other investigations of non-
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volatiles isolated from members of the Daldinia genus demonstrated anti-inflammatory, anti-
fungal, and anti-microbial activity.30-32 
Further, a previous study also demonstrated that a mixture of volatile organic compounds 
including 3-methyl-1-butanol, (±)-2-methyl-1-butanol, 4-heptanone, and isoamyl acetate isolated 
from D. cf. concentrica had a measurable impact on plant-parasitic nematode viability.33 
Additionally, volatile metabolites, including 3-methyl-1-butanol, (±)-2-methyl-1-butanol, 4-
heptanone, isoamyl acetate, as well as (2E)-2-octenal isolated from D. cf. concentrica also showed 
inhibition to Aspergillus niger infections in peanuts.34 As recent studies have presented multiple 
uses for natural products isolated from members of the Daldinia genus, further investigation into 
the genus Daldinia along with the lesser-studied D. childiae is needed.  
In pursuit of the discovery of natural products from underutilized fungi for potential 
commercial applications, our laboratory recently identified the odorants responsible for the 
pleasant woody perfume-like aroma produced from D. childiae when cultivated in a liquid 
fermentation broth.   
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2. MATERIALS AND METHODS 
2.1 Fungal Material 
The D. childiae isolate was collected from Cumberland County, TN and decontaminated 
with a 10 % bleach solution prepared in deionized (DI) water for 10 min followed by a 15 min 
rinse with sterile water. Upon decontamination, the specimen was cultured on Petri dishes 
containing potato dextrose agar (PDA) (Himedia, India). All cultures were maintained at 25 °C in 
a MIR-254 cooled incubator (Panasonic Healthcare Co., Ltd., Japan). The fungal isolate was also 
cryopreserved at −80 °C in potato dextrose broth (PDB) (Himedia, India), supplemented with 
glycerol (10%, v/v). Primers including ITS 4 (5′- TCCTCCGCTTATTGATATGC) and ITS 5 (5′-
GGAAGTAAAAGTCGTAACAAGG) were used for species confirmation via internal transcribed 
spacer (ITS) sequencing as described previously.23  
2.2 Medium and Culture Conditions 
14-day old D. childiae mycelia grown on PDA plates were homogenized and inoculated 
into Erlenmeyer flasks containing sterile PDB (85 mL). Fermentations were maintained at 25°C 
and 120 rpm for 30 days on an advanced digital shaker (VWR, Radnor, PA) under aerobic 
conditions.  
2.3 Reference Odorants and Other Chemicals  
2.3.1 Solvents 
Unstabilized diethyl ether and chromatographic grade pentane were purchased from 
Honeywell Burdick & Jackson (Muskegon, MI) and Millipore Sigma (St. Louis, MO), 
respectively. Solvents were distilled in-house using a Chemglass Life Sciences (Vineland, NJ, 
USA) 250 mL CG-1233 series distillation head. Anhydrous Na2SO4 and platinum (IV) oxide were 
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purchased from Fisher Scientific (Fair Lawn, NJ). HCl and deuterium gas were purchased from 
W.W. Grainger Inc. (Lake Forest, IL) and Airgas (Radnor, PA), respectively, whereas anhydrous 
(2H4)-methanol was purchased from Millipore Sigma. Individual n-alkanes C19−C26 and a 
mixture of n-alkanes C21−C40 were purchased from Millipore Sigma, while a mixture of n-
alkanes C9−C18 was obtained from Phenomenex (Torrance, CA).  
2.3.2 Reference Odorants 
Reference odorants, including 1-27, and 29-30, were purchased from Sigma-Aldrich (St. 
Louis, MO) (Table 3). Pogostemon cablin oil was purchased from Starwest Botanicals 
(Sacramento, CA). For identification experiments, guai-11-en-10-ol (28) was isolated by solid-
phase extraction (SPE) from P. cablin oil, as a reference standard for GC-MS analysis. Reference 
odorant 28 was isolated and purified from D. childiae, in-house, for odor threshold determination, 
quantitative experiments, and as a precursor for the synthesis of (2H2)-guai-(11,12-d2)-10-ol (28b), 
which was used as an analytical standard for the quantitation of 28 by employing SIDAs. 
2.3 Isotopically Labeled Odorants 
2.3.1 Isotopically Labeled Odorants 






were purchased from C/D/N Isotopes (Quebec, Canada), whereas (2H3)-8, (
2H2)-10, (
13C2)-16 and 
(2H5)-19 were purchased from aromaLab (Planegg, Germany). All isotopically labeled odorants 
were individually prepared in freshly distilled pentane or diethyl ether at known concentrations or 
were quantitated using a gas chromatography-flame ionization detector (GC-FID) using external 
calibration curves generated from isotopically unmodified reference standards. Deuterated (2H2)-
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28b was synthesized from 28 isolated from D. childiae fermentations as detailed below.2.3.2 
Synthesis of (2H2)-Guai-(11,12-d2)-10-ol; (
2H2)-28b 
A stable isotopic derivative of guai-11-en-10-ol (28) was synthesized in-house using 28 
isolated from enriched D. childiae volatile extracts via deuteration across the lone double bond. 
Unlabeled 28 dissolved in pentane (1 mL) was freed from the solvent using a gentle stream of 
nitrogen gas in a two-necked round bottom flask (Sigma-Aldrich). Solvent-free, unlabeled 28 (2.2 
mg, 0.099 mmol) was combined with anhydrous (2H4)-methanol (5 mL). The reaction chamber 
was then purged with deuterium gas. Upon completion, platinum (IV) oxide (10 mg, 0.047 mmol) 
was incorporated into the reaction mixture. The reaction chamber was purged with deuterium gas 
again and sealed with a rubber balloon. The reaction then progressed for 15 min with constant 
stirring at 20 °C and atmospheric pressure. Next, the reaction mixture was filtered using anhydrous 
Na2SO4 and combined with 5 mL of DI water. This semi-aqueous mixture was extracted with 
pentane (5 mL) twice and organic layers combined. The organic layer was then washed with HCl 
(1 mol/L, 5 mL) and DI water (5 mL) before drying over anhydrous Na2SO4. The final product (1.5 
mg, 0.0067 mmol, 67.5% yield) was evaluated via GC-MS to confirm the successful deuteration 
of 28 to (2H2)-28b. 
2.4 Identification of Key Odorants  
2.4.1 Preparation of Volatile Isolates 
A 30-day old D. childiae fermentation (75 g) was extracted with freshly distilled diethyl 
ether (75 mL). The fermentation broth and diethyl ether were combined in a centrifuge tube and 
manually shaken for 5 min to extract the volatiles. Post-extraction, the sample was centrifuged at 
2489 X g for 10 min using a Sorvall@ RC5B plus refrigerated centrifuge (Marshall Scientific, 






















repeated using the aqueous phase for the second extraction of any residual volatiles. 
2.4.2 Solvent Assisted Flavor Evaporation (SAFE) 
Both organic layers were combined and subjected to solvent assisted flavor evaporation 
(SAFE). The SAFE distillation system was maintained under a high vacuum (10–3 Pa) at 41 °C. 
The organic extract was slowly released from the sample dropping funnel into the evaporation 
flask through a release valve over a 30 min time period. The vacuum pulled volatiles over into the 
collection flask as a pure sample. Upon completion, the distillate was thawed at room temperature 
and dried over anhydrous Na2SO4, and the resulting sample concentrated to ~2 mL via a Vigreux 
column (50 × 1 cm) and to 200 μL under a gentle stream of nitrogen gas. The final volatile isolate 
was analyzed via gas chromatography-mass spectrometry (GC-MS) and gas chromatography-
olfactometry (GC-O).  
2.4.3 Gas Chromatography-Olfactory (GC-O) 
Gas chromatography-olfactory (GC-O) analysis was performed using a 7820A series gas 
chromatograph (Agilent Technologies) affixed with either a Zebron ZB-FFAP (Phenomenex) or a 
DB-5 (Agilent Technologies) GC capillary column (30 m × 0.32 mm o.d. × 0.25 μm) and a flame 
ionization detector (FID). Daldinia childiae volatile (1 μL) was injected on-column at 35 C. 
Initially, the oven temperature was held at 35 C for 1 minute, then increased to 60 °C at 60 °C/min, 
followed by a final ramp at 6 °C/min to 240 °C and held for 10 min. Helium was the carrier gas at 
a flow rate of 1.5 mL/min. The column was fitted with a Y-type splitter that divided the sample in 
a 1:1 ratio by volume into two uncoated, deactivated fused silica capillaries (0.5 m × 0.20 mm 
o.d.). The capillaries were connected to a sniffing port equipped with a custom-fitted nose cone 
heated to 250 °C and a flame-ionization detector (FID), respectively. Upon detection of an odor, 
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trained panelists at the sniffing port recorded the corresponding retention times and odor characters 
on a connected chart recorder.  
2.4.4 Aroma Extract Dilution Analysis (AEDA) 
The SAFE isolate was serially diluted using freshly distilled diethyl ether to obtain samples 
including 1:2, 1:4, 1:8, up to 1:1024. The diluted samples were analyzed via GC-O to determine 
the flavor dilution (FD) factors for each odorant. The odor quality and highest dilution at which 
the odor was perceivable for each odorant were determined.  
2.4.5 Gas Chromatography-Mass Spectrometry (GC-MS) 
An Agilent 7820A series gas chromatograph, fitted with an Agilent 5977B mass 
spectrometer detector, was chosen for GC-MS analysis. Column separation was accomplished on 
both a Zebron ZB-FFAP and a DB-5 GC capillary column (30 m × 0.25 mm o.d. × 0.25 μm) 
obtained from Phenomenex and Agilent Technologies respectively. Volatile isolates (1 μL) were 
injected cold on-column using an autosampler. Helium gas was the carrier gas at a flow rate of 1 
mL/min. The oven temperature was held at 35 °C for 1 min, followed by an increase to 60 °C at a 
rate of 60 °C/min. This was followed by a second temperature ramp at 6 °C/min reaching a 
temperature of 250 °C. The final temperature was held for 5 min. The MS was operated in electron 
impact (EI) ionization mode at 70eV and a scan range of m/z 50-350 while the MS source and MS 
quadrupole were maintained at 230 °C and 150 °C, respectively. 
2.4.6 Retention Indices (RIs) 
 Retention Indices (RIs) were determined for each odorant to provide identification. To 
calculate the RIs of these odorants, a standard mixture of n-alkane hydrocarbons (C-9 to C-26) 
were run both on the GC-O and the GC-MS. The following formula was used in these calculations: 
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In this formula, N is the first alkane that elutes after the analyte of interest while n is the alkane 
that elutes directly before the analyte. The retention time of the analyte of interest is tr,a and the 
retention times of alkane N and n are tr,N and tr,n respectively. 
2.4.7 Solid-Phase Extraction (SPE) of P. cablin Oil 
Pogostemon cablin oil was fractionated using a silica SPE cartridge (Strata SI-1 Silica, 55 
μm, 70 Å; 2 g per 12 mL) obtained from Phenomenex affixed to an SPE manifold and maintained 
under vacuum. The SPE column was pre-conditioned with 10 mL of pentane, 5 mL of ether, and 
5 mL of pentane before fractionation. Upon conditioning, the oil sample (100 μL) was loaded on-
column and eluted with the following solvents: fraction 1 (F1), pentane (100%); fraction 2 (F2), 
pentane/ether (98/2, v/v); fraction 3 (F3), pentane/ether (95/5, v/v); fraction 4 (F4), pentane/ether 
(90/10, v/ v); fraction 5 (F5), pentane/ether (50/50, v/v); and fraction 6 (F6), ether (100%). Each 
of the six fractions was concentrated to 200 μL under a gentle stream of nitrogen gas and analyzed 
by GC-MS and GC-O. 
2.4.8 Solid-Phase Extraction (SPE) of D. childiae Volatile Isolate 
Fermentations (75 g) were sequentially extracted with freshly distilled pentane (150 mL), 
subjected to SAFE, and concentrated to 2 mL in preparation of a volatile isolate. Next, the volatile 











were concentrated to 200 μL under a gentle stream of nitrogen gas and analyzed by GC-MS and 
GC-O. 
2.4.9 Isolation of 28 by Normal-Phase Column Chromatography 
30-day old D. childiae fermentation cultures (1 L) were homogenized into a slurry and 
extracted as individual aliquots (100 g) using freshly distilled pentane (75 mL). Each centrifuge 
tube containing the mixture of fermentation aliquot and pentane was manually shaken for 5 min to 
extract the volatiles and centrifuged at 2489 X g for 10 min using a Sorvall@ RC5B plus 
refrigerated centrifuge (Marshall Scientific, Hampton, NH). The organic phase was collected with 
a separatory funnel and the process repeated for a second extraction of the residual fungal volatiles 
for each individual aliquot. The successive 75 mL (x2) extractions were performed on 10 separate 
aliquots to extract the entirety of the 1 L fermentation culture. All organic layers (1.5 L) were 
collected, dried with anhydrous Na2SO4, and condensed using a Vigreux column (50 × 1 cm) to a 
final volume of 200 mL. The final organic extract (200 mL) was then subjected to solvent assisted 
flavor evaporation (SAFE) as described above. Upon completion, the distillate was thawed at room 
temperature and dried over anhydrous Na2SO4. The resulting sample was used for normal-phase 
column chromatography. A 52 cm jacketed chromatography column with a reservoir (Sigma-
Aldrich) was packed with a slurry of high-purity grade, 60 Å pore size silica gel (Sigma-Aldrich) 
prepared in pentane. A 20 mL aliquot of enriched D. childiae volatile isolate was introduced onto 
the column. A gradient pentane and ether mixture, matching the percentages of SPE, was selected 
as the solvent for chromatographic separations (2.5 mL/min). Fractionation was monitored via 
orthonasal inspection in 5-minute increments by at least two trained panelists. A total of sixteen 
fractions were collected and analyzed using GC-MS and GC-O to confirm the successful 












2.5 Quantitation of Key Odorants 
2.5.1 Stable Isotope Dilution Assays (SIDA) 
 The D. childiae fermentations (75 g) were sequentially extracted with freshly distilled 
ether (150 mL) in the presence of labeled odorants (50−200 μL) as described above. Solvent 
extracts were then subjected to high vacuum distillation using SAFE and analyzed by GC-MS. 
Concentrations of the target odorants were calculated using integrated peak areas for both 
isotopically labeled standards and analytes, initial sample mass, volumes and concentrations of 
each isotopically labeled standard, and response factors (RFs).  
2.5.2 Quantitation of Labeled Standards by Gas Chromatography-Flame Ionization 
Detector (GC-FID) 
The concentration of labeled standards was quantitated by the construction of a standard 
calibration curve with GC-FID. The curve was created by finding the peak area at several different 
concentrations of a volatile with an equivalent number of carbons, typically the unlabeled analog 
to the labeled volatile with exception to odorants with no commercial standards.  The peak of the 
labeled standard was then plotted on that curve to determine the concentration. The instrument was 
a 6890 series GC system (Hewlett Packard, Palo Alto, CA) with a DB-5 capillary column (30 m x 
250 um x .25 um). The system was operated in a split mode of 3:1 with an inlet temperature of 250 
C. The FID was also maintained at this temperature. Elution accomplished with helium, the carrier 
gas, set to a flow rate of 1 mL/min, and the oven had an initial temperature of 70 C. This was 
increased to 200 C at a rate of 8 C/min then lowering to 3 C/min until the final temperature of 
250 C was reached and was held for 15 minutes.  
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2.5.3 Quantitation of guai-11-en-10-ol (28) Using (2H2)-28b 
Isotopically labeled (2H2)-28b was synthesized in-house as 
13C or deuterium-labeled 
standards were not available for commercial purchase. Guai-11-en-10-ol (28), isolated from D. 
childiae fermentations using normal-phase column chromatography, was employed as the 
precursor for the synthesis of isotopically labeled 28b. The synthetic (2H2)-28b was quantitated 
via GC-FID. Guaiol, an isomer of (2H2)-28b, was adopted as an external standard to generate the 
calibration curve during GC-FID analysis. The response factor was also calculated for 28 and 
(2H2)-28b (m/z 204/208, RF 0.9). Odorant 28 was quantitated in D. childiae fermentations 
employing SIDA, as described above. 
2.5.4 Determination of Response Factors 
To account for the variances in instrument response for each odorant and the 
corresponding labeled standard, response factors were determined for each analyte and standard 
pair. This is accomplished by mixing the analyte and the standard at concentrations equal to each 
other followed by analyzing the responses via GC-MS. Response factors were then calculated by 





 Where CuL is the unlabeled odorant’s concentration, PAL is the peak area of the labeled ion, CL is 
the labeled odorant’s concentration, and PAUL is the peak area of the unlabeled ion. The list of 
odorants, their ions and RFs used for each analyte were as follows (analyte/internal standard): 3, 
m/z 126/129, RF 0.48; 8, m/z 104/107, RF 0.82; 10, m/z 140/142, RF 0.8; 12, m/z 73/78, RF 0.89; 
16, m/z 138/142, RF 0.98; 18, m/z 124/128, RF 0.93; 19, m/z 178/183, RF 1.04; 20, m/z 122/127, 
RF 0.99; 23, m/z 135/138, RF 1.9; 27, m/z 128/130, RF 1.23; 28, m/z 204/208, RF 1.06. 
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Ion (m/z)  
RF 
analyte standard 
guai-11-en-10-ol (2H2)-guai-10-ol 204 208 1.06 
1-octen-3-one (2H3)-1-octen-3-one 126 129 0.48 
(2E)-non-2-enal (2H2)-(2E)-non-2-enal 140 142 0.80 
butanoic acid (2H7)-butanoic acid 73 77 0.89 
3-(methylsulfanyl)propanal (2H3)-3-(methylsulfanyl)propanal 104 107 0.82 
sotolon (13C2)-sotolon 128 130 1.23 
4-methoxybenzaldehyde (2H3)-4-methoxybenzaldehyde 135 138 1.90 
1,2-dimethoxybenzene (2H4)-1,2-dimethoxybenzene 138 142 0.98 
2-methoxyphenol (2H4)-2-methoxyphenol 124 128 0.93 
ethyl 3-phenylpropanoate (2H4)-ethyl 3-phenylpropanoate 178 183 1.04 
2-phenylethanol (2H5)-2-phenylethanol 122 127 0.99 
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2.5.5 Odor Threshold Determination 
The odor thresholds for odorants including 3, 8, 10, 12, 18, 19, 20, 23, and 27 were obtained 
from literature.13, 35-37 The odor thresholds of 16 and 28 were evaluated in pure water at the 
University of Tennessee, Knoxville according to standards of the American Society of Testing and 
Materials (ASTM). Odorants were prepared in solution into pure water at a concentration 
detectable by all panelists. The concentrated solution was taken and diluted serially 1:1. A set of 
triangle tests were presented to panelists (n=12). These tests were made up of three scintillation 
vials (7 mL vials containing 1 mL of solution): two containing pure water as blanks and one 
containing the sample. Panelists would attempt to correctly identify the vial containing the sample 
at a range of concentrations. The tests were performed starting with the lowest concentration of 
the odorant with each subsequent test increasing at doubled odorant intensity. The detection 
threshold for each panelist was determined to be the first sample after which they made no more 
incorrect choices. This was converted to an odor threshold by taking the geometric mean of the 
concentration of the detection threshold and the concentration of the test proceeding this. The odor 
threshold for an odorant was then determined by taking the arithmetic mean of all the panelist’s 
thresholds. 
2.6 Sensory Analyses 
Odor descriptors for a 30-day old D. childiae fermentation were described using free-
choice profiling. The panelists were presented with a scintillation vial containing a 30-day old 
fungal fermentation sample (2 g) for orthonasal evaluation and asked to provide descriptors of the 
odor profile using their lexicon. Of the descriptors provided, the most common were selected for 
evaluation by quantitative olfactory-profile analysis (Table 2). The reference odorants and 
correlating attributes selected for quantitative olfactory profile analysis were as follows: woody 
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(guaiol), mushroom (1-octen-3-one), rancid (butanoic acid), anise (4-methoxybenzaldehyde), and 
fatty ((2E)-non-2-enal). The D. childiae odor-simulation model was prepared by combining all 
odorants with OAVs ≥1 at the concentration determined by SIDAs in an aqueous matrix. The 30-
day old fermentation (2 g) was transferred into a glass scintillation vial (Thermo Fisher Scientific) 
and subjected to orthonasal evaluation in comparison to the odor simulation model by trained 
panelists with no known sensory impairments. All experiments were conducted in at least 
triplicate. Panelists rated the intensity of each reference attribute in both samples on a 3-point scale 
in 0.5 increments, where 0 was not observable, 1 was weakly observable, 2 was moderately 
observable, and 3 was strongly observable. The final scores were averaged across all participating 
panelists (n = 18) using Microsoft Excel Version 16.21 for Office 360 (Microsoft Corporation, 
Redman, WA). A one-way analysis of variance (ANOVA) and Tukey’s HSD tests with a 
significance level of p < 0.05 were used to statistically evaluate the quantitative olfactory profile 









Table 2: Odor descriptors of a 30-day-old D. childiae fermentation provided by free choice 
profiling 
  
     Odor Description of D. childiae  
woody, mushroom, rancid, anise, and fatty 
Selected Odor Descriptors Selected odorant 
woody guaiol 
mushroom 1-octen-3-one 




3. RESULTS AND DISCUSSION 
3.1 Species Identification 
The fungal morphology of the D. childiae isolate used in the current study was consistent 
with the literature.38 The fruit body was distinctively spheroid with a black outer surface and when 
analyzed, fungal cross-sections displayed the presence of characteristic concentric rings in the 
flesh. ITS sequencing revealed a 530 bp product correlating with known D. childiae ITS sequences 
displaying 99% homology at a nucleotide level on both UNITE and NCBI GenBank databases. 
The ITS sequence for the current D. childiae isolate was deposited in the NCBI database under the 
GenBank accession number, MT348499.   
3.2 Sensory Characterization 
The odor profile of a 30-day old fungal fermentation was described using free-choice 
profiling. Panelists described the odor profile as characteristically woody perfume-like with 
nuances of mushroom, rancid, anise, and fatty notes (Table 2). The most frequently described 
descriptors of D. childiae fermentations included woody and mushroom. The descriptors generated 
by the panelists including woody (guaiol), mushroom (1-octen-3-one), rancid (butanoic acid), 
anise (4-methoxybenzaldehyde), and fatty ((2E)-non-2-enal) were guided by the selection of 
reference standards for the quantitative olfactory profile analysis. While the mushroom character 
of D. childiae has been reported previously, the characteristic woody perfume-like odor has not 
been previously reported for D. childiae fermentations.38 
3.3 Identification of Key Odorants 
To determine the odorants contributing to the characteristic woody perfume-like odor 
profile of D. childiae fermentations, the volatiles were extracted with diethyl ether and subjected 
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to SAFE to further isolate the volatiles from non- and semi-volatile components present in the 
extract. Based on the odor quality of each odorant determined by GC-O, along with the mass 
spectra and retention indices of authentic reference standards, thirty odorants were identified with 
FD factors ranging from 1 to 1024 (Figure 10; Table 3). Of the thirty odorants, a volatile with a 
distinct woody perfume-like odor character (woody, 28) was found to have the highest FD at 1024, 
while (2E)-non-2-enal (fatty, 10), 2/3-methylbutanoic acid (rancid, 14), 4-methoxybenzaldehyde 
(anise, 23) and sotolon (caramel, 27) had an FD factor of 256. Odorants including 1,2-
dimethoxybenzene (anise, 16), ethyl-3-phenylpropanoate (clove, 19) and trans-4,5-epoxy-(2E)-
dec-2-enal (metallic, 21) had an FD factor of 64, whereas seven volatiles, including 1-octen-3-one 
(mushroom, 3), 2-isopropyl 3-methoxypyrazine (earthy, 6), 3-(methylthio)propanal (potato, 8), 
butanoic acid (rancid, 12) 2-methoxyphenol (smoky, 18), 2-phenylethanol (rose, 20), and 1,2,4-
trichloro-3-methoxybenzene (chlorine, 24), were found to have a FD factor of 16. All other fifteen 
odorants had FD factors ≤ 16.  
3.4 Identification and Characterization of Guai-11-en-10-ol 
3.4.1 Odor Characteristics of Guai-11-en-10-ol 
 The D. childiae fermentations exhibited a unique pleasant woody perfume-like odor 
profile. Based on the AEDA data, 28 (woody, FD 1024) appeared to be largely responsible for the 
woody sensory character of the fermentation broth; however, its identification posed more of a 
technical challenge. The retention indices for 28 on both FFAP and DB-5 columns were calculated 
as 2200 and 1473, respectively (Table 3). Based on these retention indices and literature, 28 was 
hypothesized to potentially be guai-11-en-10-ol, previously identified as a volatile in D. childiae 




Figure 10: FD Chromatagram of D. childiae fermentation samples 
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Table 3: Odorants identified in SAFE distillate from a 30-day-old D. childiae fermentation 
aOdorants numbered per retention time on the FFAP column. bIdentified by comparing retention indices 
on FFAP column, mass spectra, odor quality, and intensity, in comparison to data from authentic 
reference standards analyzed in parallel. cOdor quality as perceived during GC-O. dLinear retention index 
(RI). eFraction(s) in which odorant was detected by GC-MS after SPE fractionation; where SPE fractions 










1 ethyl 2-methylbutanoate fruity 1020 851 4   
2 hexanal green 1085 801 1  D 
3 1-octen-3-one mushroom 1285 980 16  D 
4 2-acetyl-1-pyrroline popcorn 1350 920 4   
5 2-ethyl-3,5-dimethylpyrazine earthy 1429 1064 4   
6 2-isopropyl 3-methoxypyrazine earthy 1433 1091 16   
7 acetic acid vinegar 1420 600 4   
8 3-(methylthio)propanal potato 1443 902 16   
9 2,3-diethyl-5-methylpyrazine earthy 1495 1158 4   
10 (2E)-non-2-enal fatty 1530 1161 256   
11 (2E,6Z)-nona-2,6-dienal cucumber 1580 1150 4   
12 butanoic acid rancid 1610 772 16  E 
13 phenylacetaldehyde floral, honey 1639 1045 4   
14 2/3-methylbutanoic acid rancid 1661 885 256   
15 (2E,4E)-nona-2,4-dienal fatty 1698 1212 4   
16 1,2-dimethoxybenzene anise 1710 1111 64   
17 2,4,6-trichloroanisole cardboard 1825 1330 1   
18 2-methoxyphenol smoky 1860 1087 16   
19 ethyl 3-phenylpropanoate clove 1888 1390 64  D 
20 2-phenylethanol rose 1901 1108 16  F 
21 trans-4,5-epoxy-(2E)-dec-2-enal metallic 2000 1380 64   
22 4-hydroxy-2,5-dimethylfuran-3-one (HDMF) caramel 2040 1080 4   
23 4-methoxybenzaldehyde anise 2050 1299 256   
24 1,2,4-trichloro-3-methoxybenzene chlorine 2100 1371 16   
25 γ-decalactone coconut 2150 1470 1  E 
26 2-aminoacetophenone foxy 2200 1305 4   
27 sotolon caramel 2171 1135 256   
28 guai-11-en-10-ol woody 2200 1473 1024  D 
29 phenylacetic acid honey 2558 1274 4   
30 vanillin vanilla 2600 1394 4   
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no. odorant odor quality FFAP DB-5 FD Factor 
28 guai-11-en-10-ol woody 2200 1473 1024 
woody, 28 
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no. odorant odor quality FFAP DB-5 FD Factor 
10 (2E)-non-2-enal fatty 1530 1161 256 
14 2/3-methylbutanoic acid rancid 1661 885 256 
23 4-methoxybenzaldehyde anise 2050 1299 256 
27 sotolon maple 2171 1135 256 
fatty, 10 rancid, 14 
anise, 23 maple, 27 
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no. odorant odor quality FFAP DB-5 FD Factor 
16 1,2-dimethoxybenzene anise 1710 1111 64 
19 ethyl 3-phenylpropanoate clove 1888 1390 64 















no. odorant odor quality FFAP DB-5 FD Factor 
3 1-octen-3-one mushroom 1285 980 16 
6 2-isopropyl 3-methoxypyrazine earthy 1433 1091 16 
8 3-(methylthio)propanal potato 1443 902 16 
12 butanoic acid rancid 1610 772 16 
18 2-methoxyphenol smoky 1860 1087 16 
20 2-phenylethanol rose 1901 1108 16 





Figure 14: Structures of odorants detected at FD 16 in D. childiae fermentation broth 
  
mushroom, 3 
earthy, 6 smoky, 18 
rancid, 12 
rose, 20 chlorine, 24 
potato, 8 
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Table 8: List of odorants detected at FD 4 in D. childiae fermentation broth 
 
      RI  
no. odorant odor quality FFAP DB-5 FD Factor 
1 ethyl 2-methylbutanoate fruity 1020 851 4 
4 2-acetyl-1-pyrroline popcorn 1350 920 4 
5 2-ethyl-3,5-dimethylpyrazine earthy 1429 1064 4 
7 acetic acid vinegar 1420 600 4 
9 2,3-diethyl-5-methylpyrazine earthy 1495 1158 4 
11 (2E,6Z)-nona-2,6-dienal cucumber 1580 1150 4 
13 phenylacetaldehyde floral, honey 1639 1045 4 
15 (2E,4E)-nona-2,4-dienal fatty 1698 1212 4 
22 HDMF caramel 2040 1080 4 
26 2-aminoacetophenone foxy 2200 1305 4 
29 phenylacetic acid honey 2558 1274 4 




Figure 15: Structures of odorants detected at FD 4 in D. childiae fermentation broth 
  
fruity, 1 
earthy, 9 foxy, 26 earthy, 5 
fatty, 15 cucumber, 11 
vanilla, 30 honey, 29 floral, honey, 13 
popcorn, 4 caramel, 22 vinegar, 7 
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no. odorant odor quality FFAP DB-5 FD Factor 
2 hexanal green 1085 801 1 
17 2,4,6-trichloroanisole cardboard 1825 1330 1 





compound confirmation. Therefore, a sample of P. cablin essential oil, previously reported to 
contain guai-11-en-10-ol, and a volatile extract of D. childiae fermentations were fractionated with 
SPE in tandem. Both guai-11-en-10-ol from P. cablin and 28 from D. childiae eluted in fraction 
4, as determined by GC-O analysis. Analysis of the two fractions by both GC-O and GC-MS 
confirmed the identity of 28 as guai-11-en-10-ol. This is the first study to identify guai-11-en-10-
ol as a key odorant from D. childiae. Upon the identification of 28 using SPE fractionation, a D. 
childiae high-vacuum distillate (20 mL) was then purified using preparative normal-phase column 
chromatography to isolate a larger quantity of 28. This purified product was then selected as the 
starting material for the synthesis of (2H2)-28b to be used in subsequent quantitative studies 
(Figure 5). Furthermore, the purified 28 was also used for odor threshold value determination as 
well as the odor simulation model of D. childiae fermentations.  
3.4.2 Guai-11-en-10-ol Literature    
Guai-11-en-10-ol (28), commonly known as pogostol, is a unique sesquiterpene found in 
natural sources such as Alpina japonica and P. cablin.40, 41 The common name “pogostol” is 
derived from the plant name Pogostemon cablin, due to its presence in the P. cablin essential oil. 
Pogostol was first isolated and identified from Vetiveria zizanioides in 1936 in Germany. Later in 
1968, it was also isolated from the P. cablin essential oil. Pogostol was observed to contain a 
guanine skeleton as well as a lone double bond (Figure 17-i).40, 41 In 1984, pogostol was also 
discovered in A. japonica, a plant belonging to the ginger family, and considered to be derived 
from guaian-1,10-epoxide through structural rearrangement (Figure 17-ii).42 Pogostol was listed 
as an odorant using GC-O in 1988, although no odor characteristics were reported.43 Pogostol was 
later synthesized during a study aimed at synthesizing an oxepane known as kessane in 2003, 
which revealed that the initially proposed structures for both pogostol and its O-methyl ether were 
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incorrect because of the unsatisfactory matches of the 13C signals (Figure 17-iii).44 In 2006, 
pogostol was confirmed in P. cablin and it was proposed that the compound was produced via 
deprotonation of the germacradienyl cation to germacrene A, followed by deprotonation-induced 
cyclization.9 More recently, pogostol was also identified in essential oils from V. zizanioides, 
Biscogniauxia nummularia, Valeriana jatamansi Jones, and Hortia oreadica.45-48 The structural 
conformation of pogostol was once again contested as a result of the inconsistencies between the 
NMR spectroscopic data from the synthetic and naturally occurring compound isolated from B. 
nummularia (Figure 17-iv).46 However, the absolute configuration of pogostol was most recently 
confirmed using a compound with known stereochemistry, α-bulnesene, and its conversion 
products (Figure 17-v).8 The conformation of pogostol was further debated in 2014 because of the 
biosynthesis of multiple stereoisomers of the compound in the endophytic fungus, 
Geniculosporium sp., one of such compounds being referred to as epi-pogostol (Figure 17-vi).49 
Interestingly, the stereochemistry of pogostol was reported to be variable based on its source 
material, such as fungi or plants. While the GC-MS analysis during the current study afforded a 
positive compound identification for 28 as pogostol, the specific stereochemistry of the compound 
was not confirmed. Therefore, guai-11-en-10-ol, with unspecified stereochemistry, was chosen as 
the identity of 28. 
3.4 Quantitation of Key Odorants and the Calculation of OAVs 
To determine the impacts of the odorants identified using AEDA, eleven selected odorants 
with FD factors ≥ 16 were quantitated from a 30-day old D. childiae fermentation using SIDAs. 
Selected odorants included guai-11-en-10-ol (28; FD 1024), (2E)-non-2-enal (10; FD 256),  4-
methoxybenzaldehyde (23; FD 256), sotolon (27; FD 256), 1,2-dimethoxybenzene (16; FD 64), 



















16), butanoic acid (12; FD 16), 2-methoxyphenol (18; FD 16), and 2-phenylethanol (20; FD 16). 
Of the eleven volatiles, guai-11-en-10-ol (2464.5 μg/kg), butanoic acid (835.8 μg/kg), and sotolon 
(224.2 μg/kg) had the highest concentrations (Table 10). However, to evaluate the contribution of 
each odorant towards the unique woody perfume-like odor character of the D. childiae 
fermentations, OAVs were also calculated. Odor activity values were calculated as the ratio of the 
natural concentration of each odorant in the fungal fermentation to its orthonasal detection 
threshold in pure water (Table 10). In total, 6 odorants had OAV ≥ 1, thus contributing to the key 
odorant profile of the fungal fermentations. The odorants with the highest OAV were guai-11-en-
10-ol (28; OAV 102689), and 1-octen-3-one (3; OAV 9025), with woody and mushroom odor 
attributes. Other odorants with OAV ≥ 1 included sotolon (27; OAV 458), (2E)-non-2-enal (10; 
OAV 70), 3-(methylthio)propanal (8; OAV 2), and 4-methoxybenzaldehye (23; OAV 2). Based 
on these findings, all 6 odorants that contributed to the odor of D. childiae, were incorporated into 
a D. childiae odor simulation model.   
3.5 Daldinia childiae Odor Simulation Model Evaluation 
An odor simulation model was prepared in DI water based on the concentrations of the 6 
odorants (with OAV ≥ 1) identified previously. The odor simulation model was then sensorially 
compared to a fungal fermentation sample, according to quantitative olfactory profile analysis 
(Figure 19). The quantitative olfactory profile analysis revealed that the intensities of the odorants 
in the odor simulation model were comparable to those of the fungal fermentation, including the 
dominant attributes such as woody and mushroom. Subtle fatty, rancid, and anise notes further 
broadened the complexity of the overall odor profile. The statistical analysis suggested that no 
significant differences existed between the aqueous odor simulation model and the D. childiae 
fermentations (p > 0.05).  
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28 guai-11-en-10-ol woody 2464.5 0.024 102688 
3 1-octen-3-one mushroom 144.4 0.016 9025 
27 sotolon maple 224.2 0.49 458 
10 (2E)-non-2-enal fatty 13.3 0.19 70 
23 4-methoxybenzaldehyde anise 58.6 27 2 
8 3-(methylthio)propanal potato 0.7 0.43 2 
12 butanoic acid rancid 835.8 2400 <1 
16 1,2 dimethoxybenzene anise 2.6 35 <1 
18 2-methoxyphenol smoky 1.1 19 <1 
20 2-phenylethanol rose  0.4 140 <1 





Figure 18: Odorants with an OAV ≥ 1 contributing to the odor profile of a 30-day old D. 






Figure 19: Sensory comparison of fermentation broth sample and odor simulation model  
D. childiae Fermentation Odor Simulation Model 
 50 
Conclusion 
In conclusion, this study evaluated the unique woody perfume-like odor profile of a 30-
day old D. childiae fermentation, for the first time, resulting in the identification of thirty odorants. 
Eleven selected odorants with FD ≥ 16 were quantitated using SIDA. Subsequent calculations of 
OAVs revealed six odorants with OAV ≥ 1 as the key contributors to the unique woody perfume-
like odor profile of D. childiae. Furthermore, guai-11-en-10-ol (28) was identified as the key 
impact odorant driving this unique odor character in D. childiae fermentations. Upon 
identification, 28 was isolated and purified from D. childiae fermentations in-house for odor 
threshold determination, quantitative experiments, and as a precursor for the synthesis of (2H2)-
28b. The odorants with the highest OAVs included guai-11-en-10-ol (woody, OAV 102689), 1-
octen-3-one (mushroom, OAV 9025), sotolon (maple, OAV 458), and (2E)-non-2-enal (fatty, 
OAV 70). Quantitative olfactory profile analysis studies conducted according to an odor 
simulation model consisting of natural concentrations of odorants 28 (OAV 102689), 3 (OAV 
9025), 27 (OAV 458), 10 (OAV 70), 8 (OAV 2), and 23 (OAV 2) successfully mimicked the odor 
character of the fungal fermentations. This is the first comprehensive investigation of the odor 
profile of D. childiae, resulting in the identification of guai-11-en-10-ol (28) as the key impact 
odorant, eliciting a pleasant woody perfume-like character. This study lays the groundwork for 
future investigations aimed at the utilization of D. childiae as a source for the sustainable 
production of odorants and chemical precursors for use in the flavor and fragrance industry. 
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Figure 23: Mass spectra of butanoic acid and isotope analog  
 









































Figure 24: Mass spectra for 3-(methylsulfanyl)propanal and isotope analog 
  










































































































Figure 26: Mass spectra of 4-methoxybenzaldehyde and isotope analog 
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Figure 27: Mass spectra of 1,2-dimethoxybenzene and isotope analog 
  
































































































Figure 29: Mass spectra of ethyl 3-phenylpropanoate and isotope analog   
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